Rapid thermal annealing (RTA) processing under N 2 and O 2 ambient is suggested and characterized in this work for improvement of SiCOH ultra-low-k (k ‫ס‬ 2.4) film properties. Low-k film was deposited by plasma-enhanced chemical vapor deposition (PECVD) with decamethylcyclopentasiloxane and cyclohexane precursors. The PECVD films were treated by RTA processing in N 2 and O 2 environments at 550°C for 5 min, and k values of 1.85 and 2.15 were achieved in N 2 and O 2 environments, respectively. Changes in the k value were correlated with the chemical composition of C-H x and Si-O related groups determined from the Fourier transform infrared (FTIR) analysis. As the treatment temperature was increased from 300 to 550°C, the signal intensities of both the CH x and Si-CH 3 peaks were markedly decreased. The hardness and modulus of the film processed by RTA have been determined as 0.44 and 3.95 GPa, respectively. Hardness and modulus of RTA-treated films were correlated with D-group [O 2 Si-(CH 3 ) 2 ] and T-group [O 3 Si-(CH 3 )] fractions determined from the FTIR Si-CH 3 bending peak. The hardness and modulus improvement in this work is attributed to the increase of oxygen content in (O) x -Si-(CH 3 ) y by rearrangement.
I. INTRODUCTION
As device features of integrated circuits (ICs) continue to shrink, the resistance × capacitance (RC) delay greatly limits their performance and reliability due to increased power dissipation and metal line cross-talk in multilevel interconnects. 1 To solve this problem, it is necessary to replace the presently used interlayer dielectric SiO 2 (relative dielectric constant, k ≈ 4.0) with low-dielectric constant materials (low-k: k ഛ 3.0). Currently materials with k values of 2.7-3.0 are used in logic ICs at 90-nm node and below. 2, 3 The k values of the dielectric materials can be lowered (i) by replacing oxide films with hydrocarbon films, (ii) by incorporating hydrocarbon functional groups into oxide films (also called SiCOH films), or (iii) by forming porosity in the film. The SiCOH film is more popular because it is thermally more stable and mechanically stronger than hydrocarbon films at the typical backend processing conditions. 4 Typically, the mechanical strength of the low-k film is significantly decreased as the k value is decreased, and the ultra-low-k films (k < 2.5)
do not yet meet the mechanical strength requirements. 5 Therefore, it is important to develop low-k films with improved mechanical strength. [6] [7] [8] In this work, ultra-low-k films with k values of 2.4 are deposited by plasma-enhanced chemical vapor deposition (PECVD) with decamethylcyclopentasiloxane (DMCPSO, C 10 H 30 O 5 Si 5 ) and cyclohexane (CHex, C 6 H 12 ). The k values are reduced further to <2 by removing thermally unstable cyclohexane fragments from the films, which generates porosity in the films. Thermal processing has been used for organic fragment removal. 3, 5 In this work, we investigated rapid thermal annealing (RTA) processing for formation of porosity by removing hydrocarbon in the PECVD-deposited films. Furnace annealing typically requires long processing times, on the order of 1 h, while RTA systems require about a minute due to their fast temperature ramp-up rate. Therefore, productivity can be increased significantly with an RTA process. 9, 10 Changes in molecular structure are correlated with hardness and modulus of films in this work.
II. EXPERIMENTAL
The SiCOH film was deposited using a PECVD system, which is described in detail elsewhere. 3, 5 The base pressure of the deposition chamber was approximately 10 −6 Torr. DMCPSO and CHex were vaporized in bubblers operated at 75 and 45°C, respectively, and those precursors were introduced into the deposition chamber using helium (99.99%) carrier gas. A radio-frequency power of 13.56 MHz was delivered to the lower electrode. The films were deposited both on highly borondoped P + (<0.005 ⍀·cm) silicon substrate for dielectric constant and on n-type (2.0-6.0 ⍀·cm) silicon substrates for Auger electron spectroscopy (AES), Fourier transform infrared (FTIR) spectroscopy, and hardness/ modulus analysis. The SiCOH films were deposited at room temperature with pressure of 1.5 Torr and plasma power density of 0.20 W/cm 2 . The film thickness was determined by surface profilometry and ranges from 0.3 to 1 m in this work. In the subsequent RTA step, the samples were subjected to maximum 1.5-kW halogen lamps in the temperature range from 300 to 550°C for 5 min in N 2 and O 2 ambient at 1 atm. The schematic diagram of the RTA system is shown in Fig. 1(a) . The RTA power density is about 100 W/cm 2 , and the wafer size is 2 cm × 2 cm.
The k values were determined from the measurement of the capacitance in the metal-insulator-metallic silicon (MIM) structure of Al/SiCOH/M-Si, as shown in Fig. 1(b) . Circular aluminum (Al) dots were deposited by thermal evaporation using a shadow mask on the SiCOH film. The capacitance was determined at 1 MHz with the MIM structure. The FTIR absorption spectra were taken for the chemical structure analysis. The spectra were averaged over 64 scans from 4000 to 450 cm −1 . Refractive index, n, was measured using a Gaertner L116 ellipsometer at 632 nm. Elementary composition of the film was determined by AES depth profiling. The mechanical properties of the SiCOH films were measured by the Berkovich tip nanoindenter with continuous stiffness measurement (CSM) technique. The indentation depth was not allowed to exceed 10% of the film thickness to avoid any effects of the Si substrate, and the value of the mechanical strength was the average over seven points for each sample. 6 
III. RESULTS AND DISCUSSION
The elemental composition and structural characteristics of the as-deposited SiCOH film are summarized in Table I . The relative dielectric constant, k, of the SiCOH film is 2.4. The films heat-treated by N 2 -and O 2 -RTA are referred to hereafter as RTN-and RTO-treated films, respectively. The elemental composition of the ultra-low-k SiCOH films was determined to be Si:C:O ‫ס‬ 24:57:19 from AES depth profiling, as shown in Fig. 2 . The thickness of the film was 100 nm, and the sputtering rate for depth profiling was 10 nm/min. This result shows that the film composition was uniform in depth, and the films contained more carbon atoms than silicon and oxygen atoms. decreased from 2.4 to as low as 1.85 as the treatment temperature was increased up to 550°C. In the RTO process, the k value of 2.15 was obtained at the processing temperature of 550°C. The change in film thickness with RTA temperature variation is summarized in Fig. 3(b) . Little change of the film thickness was observed up to 300°C. However, as the treatment temperature was increased to 350 and 400°C both in the RTN and in the RTO processes, respectively, the films showed thickness reductions of 25% and 48%. Above 450°C, no change in thickness was observed. Similar thickness reduction was reported by Grill and Neumayer in furnace heat-treatment.
11 Figure 4 shows the hardness and elastic modulus of the ultra-low-k SiCOH films as a function of treatment temperature. For RTO-treated films, the hardness and modulus were decreased with a treatment temperature of 400°C. Above 450°C, the hardness and modulus were increased again. RTN-treated films show similar tendencies as RTO-treated films. However, further increases in the treatment temperature to 550°C caused a slight increase in hardness. The maximum observed hardness and modulus were 0.44 GPa and 3.95 GPa, respectively, with RTO film treated at 550°C.
Figures 5(a) and 5(b) show the FTIR spectra of the RTN and RTO heat-treated ultra-low-k SiCOH films in the range from 300 to 550°C, respectively. Figure 5 shows the FTIR absorption spectra of the as-deposited SiCOH film in the wave number range from 4000 to 500 cm −1 . The peaks at around 1240 to 900 cm −1 are from the Si-O related stretching vibration modes, those at 1500 to 1350 cm −1 are from the CH x (x ‫ס‬ 2, 3) bending vibrations, those at around 3200 to 2800 cm −1 are matched to the CH x stretching vibrations, and those at from 1240 to 1300 cm −1 are from the Si-CH 3 bending mode. No O-H (∼3400 cm −1 ) peak was observed for as-deposited SiCOH films. 11, 12 As the treatment temperature was increased, the intensities of the CH x stretching peaks and Si-CH 3 bending peaks were decreased notably for both the RTN-and RTO-treated films, indicating removal of organic fragments in Figs. 5(a) and 5(b), respectively. However, Fig. 5(b) shows that the intensity of the O-H peak (from 3600 to 3200 cm −1 ) was increased with increasing treatment temperature in RTOtreated films. The C‫ס‬C (1710 cm −1 ) and C‫ס‬O (1610 cm −1 ) peaks were observed in the temperature range from 300 to 450°C. 13 Above 450°C, C‫ס‬O and/or C‫ס‬C bonds disappeared.
Subtracted CH x stretching-related peaks were analyzed to amplify the temperature dependence, as shown in Fig. 6(a) . Four hydrocarbon peaks were analyzed, including the C-H 3 asymmetric (2954 cm −1 ), C-H 2 asymmetric (2927 cm −1 ), C-H 3 symmetric (2868 cm −1 ), and C-H 2 symmetric (2854 cm −1 ) vibrations. 3 The CH x peaks were decreased above 350°C, indicating hydrocarbon removal. The area of the CH x stretching peak in the subtracted FTIR spectrum decreased with decreasing dielectric constant, as shown in Fig. 6(b) . Both RTN and RTO processes show CH x stretching peak intensity reduction by 90% as the treatment temperatures were increased to 550°C. Above 450°C, the CH x stretching peak intensity of the SiCOH films saturated in the RTN and RTO films. The reduction of CH x and Si-CH 3 peak intensity is considered as an evidence for the removal of the thermally unstable hydrocarbon fragments.
3,12,14 Up to 450°C, the reduction in the dielectric constant k is due mainly to hydrocarbon removal in the film. We believe that the higher k values of RTO films than in RTN films were due to the large O-H peak contained in the FTIR spectra. We correlated the variation in the dielectric constant and mechanical strength with structural modifications above 400°C in this work. Figure 7(a) shows the deconvolution of the Si-CH 3 bending band of the as-deposited SiCOH films before RTN and RTO processing. Relative oxygen content in the O-Si-CH 3 structure is analyzed in detail; O-Si-(CH 3 ) 3 , O 2 Si-(CH 3 ) 2 , O 3 Si-(CH 3 ), and O 4 Si are defined here as M, D, T, and Q group, respectively, as in other reports. 15, 16 Their peak positions are 1250, 1260, 1270, and 1280 cm −1 , respectively. However, no M-group peak was observed for as-deposited SiCOH films. Figure 7(b) shows the relative area of the D-and T-group signal intensities divided by Si-CH 3 peak intensity (in percent) as a function of the treatment temperature by RTN and RTO. The relative T-group fraction in the Si-CH 3 peak (T group/Si-CH 3 ) was increased from 36% to 50% in RTO-treated films and from 35% to 44% in RTN-treated films as the treatment temperature was increased from 400 to 550°C. As shown in Fig. 7(b) , the relative T-group fraction in the Si-CH 3 peak in RTO-treated files was significantly higher than in RTN-treated films above 400°C. However, the relative D-group fraction in the Si-CH 3 peak (D group/Si-CH 3 ) was decreased from 50% to 37% in RTO-treated films and from 53% to 42% in RTN-treated films as the treatment temperature was increased from 300 to 550°C. We attribute the increase of the T group to the cross-linking of the oxidized Si-O bonding induced by the radiation energy in the RTA system. Figure 7 (c) shows that hardness and relative area of the T groups/Si-CH 3 peak (%) in the FTIR spectrum as a function of RTN and RTO treatment temperature. Notably, the hardness increased from 0.1 to 0.44 GPa, and the T groups in the FTIR spectrum increased from 46% to 50% in RTO-treated films. We believe that structural change from D to T group can be attributed to the increase in hardness in the SiCOH films.
IV. CONCLUSION
We investigated ultra-low-k SiCOH films heat-treated by RTA processing. A minimum dielectric constant (k) of 1.85 was achieved with the RTN process, and a k value of 1.98 was achieved with the RTO process after deposition. Hardness and modulus values of 0.44 and 3.95 GPa were achieved with the RTO process. Improvements in hardness and modulus are attributed to oxygen incorporation in the Si-CH 3 structure. In addition to improvements in hardness and modulus, processing time and thermal budget can be significantly reduced with RTA processing when it is compared with furnace thermal processes. Therefore, RTA-treated ultra-low-k SiCOH films have the potential to become a strong candidate in new low-k interconnect development.
